The paper presents the flood characterisation of the Haor region in the north-east of Bangladesh. The region consists of a system of Haors, each of which is a saucer-shaped depression and interconnected by a river system. A portion of the Haor area, known as the deeply flooded area, consisting of about 15 Haors, was chosen as the study area. A 1D2D model, with one-dimensional model for the rivers and a two-dimensional model for the Haors, was developed. Flood hydrograph characteristics such as the rising curve gradient, flood magnitude ratio (with respect to the average discharge) and time to peak were assessed for different river floods. Using these characteristics an integrated flood index (FI) was developed. The FI is an aggregated indicator based on the flood hydrograph characteristics and indicates the relative overall severity of a flood. The spatial and temporal variations of the index were investigated as well. The computed FI at different locations of the region and for different flood hazard frequencies provide a broad understanding of the flooding characteristics of the region. The developed methodology can also be applied to other river basins to analyse flooding risk provided some historical flood data are available.
lead time. Simulation models developed in this research
show that for a number of locations of the Haor region the forecast lead time is within 6 h. Based on the geographic location of the catchment and the data scarcity, it is anticipated that hydrological and hydraulic modelling of the region will not be sufficient to manage risk from flooding.
As an alternative, we seek to gather information from past flood hydrographs with a view to improving our understanding about the flooding characteristics of the region. 
METHODOLOGY AND MODELS
The complexity of the hydrological/hydraulic interaction between the river system and the Haors means that understanding the system is quite difficult. As a result, characterisation of floods and planning and designing mitigation measures are difficult. To simulate the flooding extent in the rivers and Haors, a numerical model was developed. The river system was modelled with a one-dimensional (1D) model; whereas the Haors were modelled with a 2D model.
The numerical modelling tool MIKE11 (DHI ) was used to develop a 1D hydrodynamic model of the river system in the study area. MIKE11 is an integrated river and channel modelling tool that solves the Saint Venant equations of continuity and momentum to compute the water level and discharge in space and time along rivers.
More detailed descriptions of the shallow water equations A MIKE-Flood model was developed by integrating the 1D and 2D models. Twelve rivers were laterally linked by 36 reaches and 489 points. The 1D model was calibrated with respect to the observed discharge from a number of gauges of the study area. During the calibration the root mean squared error (RMSE) between the simulated and measured discharge was minimised using the following equation:
where Q obs,i is the ith observed discharge, Q sim, i is the corresponding simulated discharge and i ¼ 1,2,3, … , N where N is the total number of observations in the calibration period. flood hydrograph are described by the rising curve gradient, the flood magnitude ratio and the time to peak and are defined below.
Rising curve gradient (K )
The rising curve gradient conceptually is related to the steepness of the rising limb of the hydrograph and can be approximately described by an exponential equation of the following general form (Bhaskar et al. ) :
where Q 0 is the initial discharge, Q p is the peak discharge at a later time t, K is the rising curve gradient (day À1 ), and t is time in days.
The rising curve gradient is a measure of the steepness of limited experiments we noticed that the K value for a river location in the study area did not change much between the monsoon and pre-monsoon floods.
Flood magnitude ratio (M)
The flood magnitude ratio (M ) conceptually is related to the order of magnitude by which the peak flood discharge exceeds the long-term average discharge and is defined as
where Q p is the flood peak discharge and Q a is the long-term average discharge. In many rivers, the peak discharge may be several orders of magnitude higher than the average discharge. The parameter M expresses the severity of flooding. 
Time to peak (TP)
The parameter time to peak (TP) is defined as the duration between the time the flood event starts and the time when the peak discharge occurs. A low value of TP, associated with a high value of M, is typical of a severe flood. The parameter TP is defined as
where T s and T p denote the time flood starts and the flood peak is reached. Ahn & Choi () defined the start of flooding when the water level goes above the bank level. The parameter FI is not a physical parameter that can be measured or explained with the laws of physics. It rather is an index, which can best be explained as a number relative to others. In this respect, we suggest computing FI for a standard flood, setting the value of FI for this flood as 1 and then expressing FI of other floods relative to this standard flood.
As the 100-year flood is widely used in flood management studies so we recommend using the 100-year flood of a catchment as the standard flood. This means that we compute the FI value for the 100-year flood, set it as 1, and then compute FI for all other floods relative to this 100-year flood. The procedure is explained below.
The parameters K, M and TP may be computed using
Equations (2)- (4) 
Note that RT follows an inverse rule with TP, so that RT increases when the time to reach the flood peak decreases.
Also note that as per Equation (5) In that respect, the 100-year flood should be considered as the one with average catchment conditions. If due to data limitation computing FI for a 100-year flood is problematic, then the maximum flood that is available on record can be used as the standard flood in computing FI. In case a numerical model is used in generating runoff data then by varying the catchment conditions an envelope of runoff for the 100-year rainfall can be obtained from which the runoff generated with the average conditions can be considered as the standard flood for computing FI.
Note that a location needs to be associated with the FI value as it changes along rivers even for the same flood and that the parameters K 100 , M 100 and TP 100 may not refer to the same location for which the FI is computed (Equation (5)) but may have been computed based on a flood hydrograph of the reference location. In flood frequency studies, it is customary to carry out frequency studies using discharge/water level data at multiple gauging locations. It may be easier to first locate the station which may serve as the reference location. Based on our knowledge of a catchment we may be able to identify the Once the RK, RM and RT values are computed using Equation (5), then the FI can be computed using the geometric mean of these three normalised parameters as follows:
where α, β and γ are coefficients assigned to increase or decrease weights to the three parameters. In this study α, β and γ are considered as 1. Note that if α, β and γ are considered as 1 then FI will be 1 for a 100-year flood. Larger floods may yield FI higher than 1.
The three indices are not entirely independent. For example, the parameter K and TP are interrelated and as K increases TP is expected to decrease. However, removing one also causes loss of information and therefore, the use of both parameters is practised (Bhaskar et al. ; Ahn & Choi ).
RESULTS AND DISCUSSION
The FI values were computed using Equations (2)- (6) FI values are connected to higher risks of flooding, either due to a higher flood peak, or a higher rate of increase of flood discharge with time, or a shorter time to reach the peak. Unless we refer to the individual parameters used in computing the FI, it is not possible just from the FI value to deduce which of the three parameters caused a higher (or lower) risk. Brief characteristics of the three groups are described below.
Rivers with low FI values
The following rivers Surma, Nawa, Baulai, Patnigang, Piyan, charge was only about 4%, which can be partly justified by the high river bed slope of these rivers.
Spatial and temporal variation of FI
Using the results of the numerical models, the FI values were computed at a number of locations along each of the various rivers of the study region ( Figure 6 ). It is discernible from Figure 6 that the FI values decrease along the rivers.
The extent of the decrease depends very much upon a river's characteristics (e.g. geometry). For example, in Jaduka River, the FI value decreased from 1.00 to 0.81 in about 200 km, whereas in Nawa River for the same distance the FI value decreased from 0.21 to 0.15. So, it is possible that a river, falling under one of the three groups mentioned above (Figure 4) , may, at a different location, appear in another group. Note that the particular characteristics of the variation of FI as shown in Figure 6 are very specific to the catchment under consideration. In the Haor catchment, more than 60% of water comes from the upstream Indian catchments and less than 40% of water is due to rainfall in the Haor catchment (Mirza ) . Also, due to the hilly terrain of the Indian catchments and due to the the catchment provides a brief summary of the flooding characteristics of the Haor region.
CONCLUSIONS
The paper presents the development of a FI using the results from numerical models and the characterisation of flooding of the Haor region of Bangladesh using the developed index.
A procedure for computing FI to express the severity of flooding is presented. The FI was computed using the characteristics of flood hydrographs. In particular, the steepness of the rising limb of the hydrograph, the flood magnitude ratio, and the time to peak were considered.
The computed FI was normalised with respect to a standard flood and the 100-year flood has been considered as the standard flood. As a result the computed FI provides its relative severity compared to the 100-year flood of the catchment. This technique can be used for effective flood management, flood insurance studies and planning for emergency evacuation during flood.
